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†Graduate School of Science and ‡Center for Gene Research, Nagoya University, Nagoya, JapanABSTRACT Halorhodopsin from Natronomonas pharaonis (pHR), a retinylidene protein that functions as a light-driven chlo-
ride ion pump, is converted into a proton pump in the presence of azide ion. To clarify this conversion, we investigated light-
induced structural changes in pHR using a C2 crystal that was prepared in the presence of Cl and subsequently soaked in
a solution containing azide ion. When the pHR-azide complex was illuminated at pH 9, a profound outward movement (~4 A˚)
of the cytoplasmic half of helix F was observed in a subunit with the EF loop facing an open space. This movement created
a long water channel between the retinal Schiff base and the cytoplasmic surface, along which a proton could be transported.
Meanwhile, the middle moiety of helix C moved inward, leading to shrinkage of the primary anion-binding site (site I), and the
azide molecule in site I was expelled out to the extracellular medium. The results suggest that the cytoplasmic half of helix F
and the middle moiety of helix C act as different types of valves for active proton transport.INTRODUCTIONHalorhodopsin (HR), a seven-transmembrane-helix retinyli-
dene protein, utilizes light energy to transport chloride ions
from the extracellular side to the cytoplasmic side (1–4).
Currently, two homologs of HR, i.e., HR from Halo-
bacterium salinarum (sHR) and HR from Natronomonas
pharaonis (pHR), have been crystallized, and their crys-
tal structures have been determined (5,6). Although the
anion-binding site (site I) in the vicinity of the retinal Schiff
base is conserved between sHR and pHR, their structures
are different in many aspects. For example, sHR possesses
a second anion-binding site between site I and the extracel-
lular surface, whereas the second anion-binding site in pHR
is located at a different position (7). sHR contains a fatty
acid at a threonine near the Schiff base (5), but there is no
fatty acid in the pHR structure (6,7). When the low sequence
identity between sHR and pHR is taken into account, it may
be more accurate to consider pHR and sHR as belonging to
different subfamilies of HR. Indeed, there is a significant
difference in the photochemical reaction between sHR and
pHR (8,9). More curiously, their photoreactions are per-
turbed differently by azide (10–15): whereas pHR is con-
verted into a proton pump that is driven by a single
photon (12), the sHR-azide complex utilizes two photons
to pump a proton from the extracellular to the cytoplasmic
side (11).
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. Open access under CC BY-NC-ND license.a light-driven proton pump found in Halobacterium salina-
rum (16). This similarity is interesting because there is
a significant difference in the distribution of ionizable resi-
dues between BR and pHR, i.e., Asp-85 and Asp-96 in BR
are replaced by nonionizable residues in pHR. In the proton-
pumping cycle of BR, Asp-85 receives a proton from the
Schiff base, and subsequently Asp-96 mediates a proton
transfer from the extracellular medium to the deprotonated
Schiff base (17,18). To explain the proton-pumping activity
of the pHR-azide complex, it has been postulated that an
azide ion bound to site I has a role similar to that of Asp-
85 in BR, and another azide molecule is inserted into the
cytoplasmic half to shuttle a proton from the cytoplasmic
medium to the Schiff base (13). It was previously observed
that BR is converted into a light-driven chloride pump when
Asp-85 is replaced with threonine (19). Based on this obser-
vation, Facciotti et al. (20) proposed the intriguing hypoth-
esis that BR transports hydroxyl ions from the extracellular
side to the cytoplasmic side. More recently, Kouyama and
Murakami (21) proposed a revised version of this hypoth-
esis: BR functions as a water/proton antiporter, and pHR
functions as an HCl/proton antiporter. In this scenario, one
would expect pHR and BR to share a common structural
motif for regulation of intraprotein proton movements.
In this study, we investigated light-induced structural
changes in the pHR-azide complex using a C2 crystal that
was prepared in the presence of chloride ion and subse-
quently soaked in a solution containing azide ions. Although
no reaction state was efficiently trapped at neutral pH, large
light-induced structural changes were observed when a
long-livedM state was generated at pH 9. Owing to different
protein-protein contacts, the three subunits contained in
the asymmetric unit underwent different light-induced
structural changes. In a subunit with the EF loop facing
an open space, a profound outward movement of thehttp://dx.doi.org/10.1016/j.bpj.2012.12.018
378 Nakanishi et al.cytoplasmic half of helix F was induced, creating a long
water channel between the retinal Schiff base and the extra-
cellular surface. A similar structural change has been sug-
gested to occur during the proton-pumping cycle of BR,
although its detailed features remain to be determined
(22–26). The results presented here provide insight into
the ion-pumping mechanism of not only pHR but also BR
and other rhodopsins.MATERIALS AND METHODS
Preparation and crystallization of pHR
Natronomonas pharaonis strain KM-1, which was generated by UV muta-
genesis from the type strain DSM 2160T, was grown as previously described
(27). The harvested cells were suspended in 3 M NaCl, and after two cycles
of freeze-thaw, the cell membranes were washed three times with 100 mM
NaCl and twice with distilled water. The crystallization of pHR was per-
formed as previously described (6).Measurement of absorption spectra and kinetics
We acquired transient transmission data from the pHR-azide complex using
a computer-controlled experimental setup with a digital oscilloscope and
a frequency-doubled Nd-YAG laser (28). We then analyzed the absorption
kinetics measured at various wavelengths using the singular value decom-
position method (29).Data collection and scaling
For structural determination of the azide-bound form of pHR, a single
crystal of pHRwas picked and transferred into a postcrystallization solution
containing 0.2–0.5 M NaN3, 3 M (NH4)2SO4, 0.1 M pH buffer (HEPES at
pH 7 or glycine at pH 9), and 30% trehalose. After incubation for 20 min,
the crystal was flash-cooled with liquid propane at its melting temperature
in dim light. To trap a reaction state with a long lifetime at room tempera-
ture, we transiently warmed a frozen crystal of the pHR-azide complex
to room temperature by blocking the flow of cooled nitrogen gas and
then rapidly cooled it under illumination with orange light (>540 nm,
~100 mW/cm2).
X-ray diffraction measurements were performed at SPring-8 beamlines
BL26B2 and BL38B1, where a frozen crystal kept at 100 K was exposed
to a monochromatic x-ray beam at wavelength of 1.0 A˚ with an x-ray
flux rate of ~2 1012 photons/mm2/s. Diffraction data were collected using
a CCD detector, with an oscillation range of 1 and an x-ray flux of 2 1013
photons/mm2 per image. Indexing and integration of diffraction spots were
carried out with Mosflm 6.1 (30). The data were scaled using SCALA in the
CCP4 program suites (31).Structural refinement
We built a model of the azide-bound purple form of pHR according to the
molecular-replacement method using the previously reported model of pHR
(PDB ID: 3A7K) as an initial search model. Structure refinement was done
using CNS-1.2 (32) and XtalView-4.0 (33).
To build a model of the reaction state of the pHR-azide complex, we
compared the diffraction data from the crystal that was frozen under illumi-
nation (Flight) with those from a crystal that was flash-cooled in dim light
(Fdark). In the first round of refinement, the structure of the reaction state
was modified on the basis of the jFlightj  jFdarkj difference map. We further
refined the structure by comparing the observed amplitude jFlightj withBiophysical Journal 104(2) 377–385a weighted average of the calculated amplitudes of the unphotolyzed
state and a reaction state in each subunit. The occupancy of the reaction
state in each subunit was adjusted independently, i.e., the observed ampli-
tude jFlightjwas compared with the following calculated amplitude: jFcalcj ¼
Si {ai  jFi_Reactj þ (1  ai)  jFi_Groundj}, where ai (i ¼ 1, 2, 3) is the
occupancy of the reaction state in subunits A, B, and C, and Fi_React and
Fi_Ground are the structure factors of the reaction state and the unphotolyzed
state, respectively, in the i-th subunit. The structure of the reaction state in
each subunit was refined by the simulated annealing method, and the struc-
ture of the other conformer was assumed to be identical to that of the un-
photolyzed state in a crystal that was flash-cooled in dim light. In this
refinement, we estimated the optimal values of ai by investigating the crys-
tallographic R values evaluated at various ai values (Fig. S1 in the Support-
ing Material). The crystallographic R-value decreased to 0.209 when the
optimal values of ai (0.52, 0.64, and 0.56 for subunits A, B, and C, respec-
tively) were used (Table S1).RESULTS
Photochemical reactions of the pHR-azide
complex
Spectroscopic titrations of pHRwith various ions showed that
the binding affinity of azide ion to pHR was 10 times lower
than that observed for chloride ion (Fig. S2). Similar differ-
ences in the affinities were previously reported (13,34).
Owing to the strong absorption band of the second chromo-
phore bacterioruberin, the absorption band of retinal in the
pHR-azide complex appeared as a shoulder in the long wave-
length region.However, it is apparent that the absorptionband
of retinal in the pHR-azide complex is slightly blue-shifted as
compared with that in the pHR-chloride complex. A similar
spectroscopic property of retinal was previously observed
for a solubilized sample of the pHR-azide complex (34).
Fig. 1 a shows the absorption changes observed when the
pHR-azide complex in a membrane suspension at pH 6.0
and in the presence of 1 M sodium azide was excited with
light pulses at 532 nm. In the investigated time region, the
absorption kinetics data were fitted with four exponential
components. In Fig. 1 b, the amplitudes of the individual
components are plotted against the wavelength of the
measuring light. The P1 component, which is characterized
by a negative value at 410 nm, is attributable to the L-to-M
transition. The P2 component, which has a negative value at
620 nm, is attributable to the rising phase of the O state with
a red-shifted absorption spectrum. Because the P2 compo-
nent has a twin peak at 410 nm and 500 nm, it is suggested
that an equilibrium state between L and M is established
at a much faster rate than the decay rate of M. Meanwhile,
the difference spectrum associated with the P3 component
has a positive peak at 640 nm and a negative peak at
550 nm. This component is attributable to the decay of the
O intermediate into the initial state. Thus, it appears that
the absorption kinetics at pH 6 are described by the previ-
ously reported reaction scheme: K/ L/ Mcis/ O/
pHR’/ pHR (13).
To explain the absorption kinetics data collected at high
pH (Fig. 1, c–e), however, we need to modify the above
FIGURE 1 Light-induced absorption changes in
the pHR-azide complex at various pH levels. (a, c,
and e) An aqueous suspension of claret membrane
in 1 M NaN3 at pH 6 (a), pH 7 (c), or 0.5 M NaN3
at pH 9. (e) was excited with light pulses at 532 nm
and absorption changes were recorded at various
wavelengths. (b, d, and f) The absorption kinetics
in the time range of 0.01 ms to 1 s were fitted
with four components, and the amplitude of each
component was plotted against the wavelength of
the measuring light.
Structure of an M State of Pharaonis Halorhodopsin 379reaction scheme. At pH 7, a positive peak at 640 nm is still
seen in the P3 component, but the corresponding peak is not
seen in the P4 component with a longer time constant. The
difference spectrum associated with the P4 component is
characterized by a positive peak at 410 nm and a negative
peak at 560 nm, suggesting that some fraction of M has
a much longer lifetime than that of the O state. One possible
explanation is that a long-lived M-like state (we refer to it as
Malk) is generated by a branching reaction that occurs before
the formation of the O state (possibly from Mcis; Fig. 2).
Because the formation of O was not detected at pH 9, the
branching reaction leading to Malk was suggested to become
the major reaction pathway in the alkaline pH region. It
should be mentioned that the decay kinetics of Malk at
pH 9 is described by two time constants. Although the P3
and P4 components are characterized by a positive peak at
410 nm and a negative peak at ~570 nm, the negative
peak at ~570 nm is more significant in the P3 component
than in the P4 component. The profile of the P4 component
can be explained by supposing that Malk is in dynamic equi-
librium with an N state (Nalk), as was previously proposed
to explain the photoreaction kinetics of the D96N mutant
of BR (17).FIGURE 2 Photochemical reactions of the pHR-azide complex. A
bypass reaction, indicated by the dashed lines, is observed at pH 6 in the
presence of 1 M NaN3. At alkaline pH, a long-lived M-like state (Malk) is
generated by a branching reaction from the M state (Mcis). In the absence
of small anions and at high pH, a yellow form (Mtrans) containing all-trans
retinal is generated in the dark.Structure of the unphotolyzed state of the
pHR-azide complex
Previous structural analyses of pHR (6,7) have shown that
the primary binding site (site I) of chloride ion exists in
the vicinity of the Schiff base (Fig. 3 d). In this study, a
diffraction dataset at 1.9 A˚ resolution was collected froma C2 crystal that was soaked in a postcrystallization solution
containing 0.2 M sodium azide at pH 7.0 and then flash-
cooled in dim light. It was found that the chloride ion in
site I and the nearby water molecule (Wat502) were re-
placed with an azide ion (Fig. 3 b). This replacement was
not accompanied by any significant conformational changes
in the surrounding residues. The crystal structure of the
pHR-azide complex at pH 9 was nearly identical to that
observed at neutral pH.Biophysical Journal 104(2) 377–385
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FIGURE 3 (a–d) The structure of the azide-bound purple form of pHR
(a and b) is compared with that of the chloride-bound purple form
(c and d). The 2Fo  Fc maps in panels a and c are contoured at 1.5 s.
FIGURE 4 (a) Protein packing in the C2 crystal. Subunits A, B, and C are
shown in green, blue, and magenta, respectively. (b) Light-induced struc-
tural change in the pHR-azide complex. The jFlightj  jFdarkj difference
map (positive densities in magenta, negative in green) is contoured at
3.5 s. (c) The structural model of the reaction state (green) is compared
with that of the unphotolyzed state (magenta).
380 Nakanishi et al.Light-induced structural changes in the pHR-
azide complex
Because the lifetime of Malk increases significantly with
increasing pH, one would expect a larger amount of Malk
to accumulate when a C2 crystal that has been soaked at
a higher pH is illuminated. Indeed, the magnitude of light-
induced structural change increased significantly when the
pH of the soaking solution was increased. (When a thin
crystal soaked at pH 9 was exposed to orange light, a large
fraction of the protein was converted into a reaction state(s)
with lmax at 410 nm; Fig. S3). Fig. 4 b shows the light-
induced structural change observed when the pHR-azide
complex in the C2 crystal at pH 9 was exposed to orange
light. It is clear that the three subunits in the asymmetric
unit undergo different structural changes under illumination,
namely, subunit B undergoes a very large structural change
(e.g., a profound outward movement of the cytoplasmic half
of helix F), whereas no significant movement of helix F is
induced in the other subunits (Fig .S4).
Fig. 5 a shows the jFlightj– jFdarkj difference map in the
cytoplasmic side of subunit B. It shows that retinal’s isom-
erization into the 13-cis/15-anti configuration is accompa-
nied by a large upward movement of the C13 methyl,
pushing the indole ring of Trp-222 upward, which in turn
causes large movements of most residues in the cytoplasmic
half of helix F. Simultaneously, the side chain of Ile-134,
which contacts the C13 methyl of retinal in the unphoto-
lyzed state, rotates so as to enlarge a cavity in the cyto-
plasmic vicinity of the Schiff base (Fig. 6). Whereas the
unphotolyzed state has one water molecule (Wat-501) in
the cytoplasmic vicinity of the Schiff base, two additional
water molecules (Wat-701 and Wat-702) are incorporatedBiophysical Journal 104(2) 377–385in this region. In addition to these water molecules, three
water molecules (Wat-704 through Wat-706) are incorpo-
rated into a long cavity that is created by the outward move-
ment of the cytoplasmic half of helix F.
The largest movement (~4 A˚) in the main chain of helix F
is observed at Lys-215 (Fig. 6 e). It is noteworthy that the
FIGURE 5 Light-induced structural change in subunit B. (a) jFlightj 
jFdarkj difference map (positive densities in purple, negative in cyan), con-
toured at 3.0 s and overlaid on the structural models of the reaction state
(green) and the unphotolyzed state (pink). Green and pink spheres represent
water molecules in the reaction state and the unphotolyzed state, respec-
tively. (b) 2Fo – Fc map, contoured at 1.2 s.
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FIGURE 6 The structural model of the reaction state trapped in subunit B
(green) is compared with the unphotolyzed state of the azide-bound purple
form (magenta). (a) Side view of subunit B. (b) Deformation of helices
C and F. (c) Light-induced structural change in the extracellular region.
(d and e) Structural change in the cytoplasmic region. Carbon atoms and
water molecules (spheres) in the reaction state and the unphotolyzed state
are shown in green and magenta, respectively.
Structure of an M State of Pharaonis Halorhodopsin 381outward movement of the cytoplasmic half of helix F is
accompanied by a large swing of the benzene ring of
F259 in helix G. This swing, together with a movement of
F211 near the protein surface, contributes to the creation
of a long cavity that extends from the Schiff base to the
side chain of Lys-215. Meanwhile, the cytoplasmic half of
helix E undergoes a noticeable inward movement, partly
filling the open space between helices E and F.
A large light-induced structural change is also seen on the
extracellular side of subunit B. First, the middle moiety of
helix C deforms in such a manner that the side chain of
Thr-126 moves toward Asp-252, leading to a remarkable
shrinkage of site I (Fig. 6 c). As a result of this shrinkage,
the azide ion in site I is squeezed out to the external medium.
Second, the structure of the FG loop is largely distorted.
This distortion is coupled with a flip-flop motion of the
side chain of Glu234.
In subunit A, the light-induced conformational change is
confined to the extracellular half of helix C (Fig. S4 a). Asobserved with subunit B, the middle moiety of helix C
deforms so greatly that the azide ion is expelled from site
I. However, retinal takes on an all-trans configuration and
the cytoplasmic half of helix F barely deforms in the
reaction state trapped in subunit A. In many aspects, its
protein structure is similar to that of the anion-depleted
blue or yellow form that is generated in the absence of small
anions (7).
The light-induced structural change in subunit C is larger
than that observed in subunit A (Fig. S4 c and Fig. S5). The
structural analysis that was performed using the approxima-
tion that only one reaction state was trapped in subunit C
suggested that retinal takes on the 13-cis/15-anti configura-
tion in the major reaction state trapped in subunit C. In this
reaction state, the middle moiety of helix C deforms greatly,
just as observed in subunit B, but the main-chain structure of
helix F is unaltered. The structural change in subunit C is
characterized by a noticeable movement of helix G toward
the extracellular side and large movements of several resi-
dues in the cytoplasmic half (Fig. S4). These movements
create a large cavity between Val-74 and Phe-259, in which
a water molecule (Wat-701) is hydrogen-bonded to the main
chain of Thr-71 (Fig. 7 b and Fig. S5 c).DISCUSSION
Various crystallographic analyses of photoactive proteins
have shown that the formation/decay kinetics of a reac-
tion state are greatly affected by the crystal lattice forceBiophysical Journal 104(2) 377–385
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FIGURE 7 (a–c) Internal cavities in the unphotolyzed state (a) and the
reaction state trapped in subunit B (b) and subunit C (c).
382 Nakanishi et al.(36,37). In this study, we found that the three subunits in the
asymmetric unit of the C2 crystal of the pHR-azide complex
underwent different structural changes upon exposure to
visible light (Fig. 4). This observation is understandable
when the crystal lattice force is taken into account. WithBiophysical Journal 104(2) 377–385respect to subunit A, several residues in the cytoplasmic
half of helix F contact residues in helix G of subunit A in
a neighboring trimer related by a 2-fold axis. With respect
to subunit C, residues in the EF loop interact with the
BC loop of subunit C in a neighboring trimer related by
a 2-fold screw axis. In these subunits, the motional freedom
of helices F and/or G are reduced by the protein-protein
contacts. In subunit B, on the other hand, the EF loop faces
toward an open space in the unit cell and there is no major
obstacle against the outward movement of helix F.
Our major concern is, which reaction state was trapped in
subunit B? It should be noted that no large deformation of
helix F was detected when the C2 crystal was exposed to
strong visible light at neutral pH. Because the lifetime of
Malk increases significantly with increasing pH, it is reason-
able to consider that the outward movement of the cyto-
plasmic half of helix F in subunit B occurs when Malk is
generated. This statement does not necessarily exclude the
possibility that an equilibrium state between Malk and Nalk
was trapped in subunit B. Meanwhile, no deformation of
the cytoplasmic half of helix F was observed in another
reaction state with 13-cis retinal that was generated in
subunit C. This reaction state is characterized by a sliding
movement of helix G toward the extracellular side and
a large deformation of the middle moiety of helix C. It
seems likely that the branching reaction leading to Malk
was inhibited in subunit C so that another reaction state
(most likely Mcis) accumulated under illumination at room
temperature. In subunit A, on the other hand, a reaction
state with all-trans retinal was trapped. Because its protein
structure is similar to that of the anion-depleted yellow
form generated in the absence of small anions, it seems
possible that the protein conformation of the unphotolyzed
state in subunit A is altered in a passive way when subunit
B undergoes a large structural change. (Note that when
a thin crystal was exposed to orange light, a large fraction
of the protein was converted into reactions states with
lmax at 410 nm; Fig. S3). An alternative interpretation is
that a side reaction leading to the yellow form with all-trans
retinal becomes significant in subunit A, where the motional
freedom of the transmembrane helices is very restricted
(Fig. S6).
A peculiar structural feature of the reaction state trapped
in subunit B is the formation of a long cavity in the interhel-
ical space between the retinal Schiff base and the cyto-
plasmic surface (Fig. 7). This cavity is filled with a linear
cluster of water molecules, which would allow a rapid
proton exchange between the Schiff base and the cyto-
plasmic medium. This structural feature is not shared by
the unphotolyzed state of the pHR-azide complex, in which
the interhelical space in the cytoplasmic half is completely
closed. In contrast to the opening of the interhelical space
in the cytoplasmic half, the cavity in the extracellular
vicinity of the Schiff base is shrunk in Malk. This shrinkage
is caused by a large deformation of the middle moiety of
Structure of an M State of Pharaonis Halorhodopsin 383helix C. The structure of the reaction state trapped in subunit
C suggests that the shrinkage of site I occurs before the
formation of Malk. Thus, one can postulate that the middle
moiety of helix C functions as another type of valve by
which proton transport between the Schiff base and the
extracellular medium is regulated.
Absorption kinetics data of the pHR-azide complex at
pH 6 showed that in the presence of 1 M sodium azide,
the M state decayed very rapidly into the O state (with
a time constant of 0.2 ms at 24C). At a lower concentration
of sodium azide, however, a nonnegligible fraction of M was
found to have a much longer lifetime (>20 ms at 24C) even
at pH 6. This observation is in line with a previous report
that the decay of the M state of the pHR-azide complex
was accelerated by an increasing concentration of sodium
azide (13). A possible explanation for this acceleration is
that an azide molecule is inserted into the interhelical space
of the cytoplasmic half, and it shuttles a proton between the
Schiff base and the cytoplasmic surface. When the pKa
value (~4.8) of azide is taken into account, it seems possible
that this insertion often occurs at neutral or acidic pH,
whereas it is rare at high pH. Thus, one can explain the
absorption kinetics data observed under various solvent
conditions by supposing that the pHR-azide complex
undergoes a bypass reaction when the azide molecule (in
the protonated form) is inserted into the cytoplasmic region
before or during the M state.
It is noteworthy that the reaction state trapped in subunit
C has a large cavity in the vicinity of the main chain of Lys-
256 (Fig. 7 c). This cavity, which is surrounded by the side
chains of Thr-71, Val-74, Ile-134, L138, and F259, is large
enough to contain at least one water molecule. If this same
cavity is created upon formation of Mcis at acidic pH, an
azide molecule in its neutralized form could be inserted
into this hydrophobic cavity. In this case, one would expect
the inserted azide molecule to function as a proton donor to
the deprotonated Schiff base, and, as a consequence, repro-
tonation of the Schiff base (i.e., formation of the O state) to
occur so rapidly that the branching reaction into Malk would
be avoided. Owing to the low pKa-value of azide, this azide-
mediated proton transfer cannot occur at pH 9, where repro-
tonation of the Schiff base is suggested to occur after a linear
cluster of water is formed between the Schiff base and the
cytoplasmic medium.
It has been reported that the outward movement of the
cytoplasmic half of helix F occurs when the N state of BR
is generated in an alkaline suspension of purple membrane
(22,24). A similar deformation of helix F was also suggested
to occur upon formation of the MN state of the D96N mutant
of BR (23,25,26), whose protein structure is reported to be
similar to the N state of wild-type BR. Interestingly, the
light-induced structural change observed in subunit B is
not much different from what was previously observed
upon formation of the N state of BR (24). However, no large
deformation of helix F was detected when the M state ofwild-type BR was generated in 3D crystals (37–39). It
appears that in wild-type BR, the deformation of helix F,
which is driven by a repellent force between the C13 methyl
of retinal and Trp-182, is accompanied by proton transfer
from Asp-96 to the deprotonated Schiff base. It is note-
worthy that all of the residues (L138, L194, F211, L214,
and F259) that contact the inserted water molecules (Wat-
704 through Wat-706) in Malk are highly conserved among
archaeal rhodopsins (L97, L152, F172, L175, and F219
in BR) (40). In the unphotolyzed state of any archaeal
rhodopsin with known structure, these residues come
together to close the interhelical space in the cytoplasmic
half (41–43). Thus, our proposal that the cytoplasmic half
of helix F acts as a sort of valve against intraprotein pro-
ton transport seems to be applicable to BR and other
archaeal retinylidene proteins with proton-pumping activity.
A similar idea was recently proposed by another group (44).
Our recent crystallographic study of the P63 crystal of arch-
aerhodopsin-2, which contains four subunits per asymmetric
unit, showed that a large light-induced deformation of helix
F (due to formation of the N state) is induced in a subunit
that has the EF loop facing an open space (R. Fujii and T.
Kouyama, unpublished data).
Previous crystallographic analyses of photoreaction inter-
mediates of BR showed that the extracellular half of helix C
is largely distorted in the M and O states generated in the
P622 crystal (37,45). (This distortion is less significant in
the P63 crystal, in which the three glycolipids in the central
region of the trimer are replaced with other lipid compo-
nents (38).) A similar deformation of helix C is observed
in the proton-pumping cycle of the pHR-azide complex.
Thus, it is possible that in many archaeal rhodopsins, the
extracellular half of helix C functions as another type of
valve by which backward movement of proton is prevented.
(This statement does not necessarily exclude the possibility
that BR possesses an additional valve, as proposed by Wolf
et al. (46).)
Recent structural analyses of sensory rhodopsin-2 from
N. pharaonis (NpSR2) showed that the EF loop undergoes
a large movement upon formation of the M state (47,48).
Although a significant deformation of helix F was reported
to occur in the M state of NpSR2 (47), the magnitude of its
deformation is much smaller than that observed in Malk of
the pHR-azide complex. Before discussing whether there
is an essential difference in intrinsic properties between
NpSR2 and pHR, it is important to investigate light-induced
structural changes in NpSR2 using a crystal that ensures
that there is no obstacle against the outward movement of
helix F.
Our recent crystallographic analyses of the pHR-bro-
mide complex suggested that the following conformational
changes are induced under illumination: 1), the bromide
ion in site I is translocated across the Schiff base upon
formation of the L state, in which the bromide ion interacts
with the Schiff base with the NH bond directing to theBiophysical Journal 104(2) 377–385
384 Nakanishi et al.cytoplasmic side; and 2), in a reaction state accumulating
under illumination at 240 K, helix F in subunit B is largely
distorted, as observed in the pHR-azide complex under illu-
mination at pH 9 (unpublished data). Together with these
results, our observation of a large deformation of helix F
in Malk provides a clue for understanding the anion pumping
mechanism of pHR. It is noteworthy that the deformation of
helix F is accompanied by the formation of a small hole
between helices E and F (Fig. 7 a). This hole is exposed
to the cytoplasmic medium and is also connected to the
long cavity created in the interhelical region of the cyto-
plasmic half. Interestingly, the ε amino group of Lys-215
comes close to this hole. It is also interesting to note that
Thr-218 OH participates in a long hydrogen-bond network
formed between the Schiff base and Lys-215 in Malk
(Fig. 6 d). An intriguing possibility is that Lys-215 and
Thr-218 mediate a proton transfer from the cytoplasmic
medium to the halide ion that has been translocated across
the Schiff base, and the resultant HCl escapes from the
protonated Schiff base and diffuses toward the cytoplasmic
side along the long cavity created in the interhelical region
of the cytoplasmic half. This scenario is compatible with
a previous mutagenesis study of HR that showed that the
reaction kinetics in the late half of the anion-pumping cycle
is perturbed by replacements of Lys-215 and Thr-218 (49).
Furthermore, Va´ro´ et al. (50) reported that the N-to-O reac-
tion is strongly electrogenic, and the corresponding reaction
is only chloride dependent. A more ingenious experimental
setup is necessary to clarify the details of the chloride
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